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R e c e n t ly  th e re  h a s  been a c o n s id e r a b le  r e v iv a l  o f  i n t e r e s t  in  th e  
i o n i c  a s p e c ts  o f  th e  in t e r a c t io n  o f  io n iz in g  r a d ia t io n s  w ith  m atter  [ l - б ] . 
W ith th e  u se  o f  p u lse  t e c h n iq u e s  r a t e  p r o c e s s e s  o f  nanosec d u r a t io n  and 
f a s t e r  have become a c c e s s i b l e  fo r  s t u d ie s  and t h i s  has r e s u l t e d  in  an a c c u ­
m u la t io n  o f  many c o n tr a d ic to r y  d a ta . For exam p le , th e  m easured m o b il i ty  
v a lu e s  o f  c h a r g e  c a r r ie r s  p rod u cted  by i r r a d ia t io n  o f  i n s u la t in g  l iq u id  
hydrocarbons c o v e r  a ran ge  o f  p 1 0 2 -  10 6 cm2 / v o l t  s e c  [ 7 ,8 ] ,  th u s  
o p e n in g  a f i e l d  fo r  renew ed d i s c u s s i o n s .  The same a p p l ie s  fo r  th e  s e v e r a l  
t h e o r i e s  p rop osed  to  e x p la in  th e  o b se r v ed  phenomena o f  ch a r g e  g e n e r a t io n  
and r e c o m b in a tio n .
In t h is .p a p e r  t h e  r e s u l t s  o f  s tu d ie s  on th e  p u lse d  p h o to c o n d u c t iv ity  
and d . c .  e l e c t r i c  c o n d u c t iv i t y  produced  in  3 -m e th y lp en ta n e  /3-М Р/ by gamma 
i r r a d ia t io n  a r e  r e p o r te d . I t  i s  hoped th a t  th e  m easured v a r ia t io n s  o f  c h a r g e  
c a r r i e r  m o b i l i t i e s ,  к '/У  v a lu e s  and c o n d u c t iv i t y  w ith  tem p era tu re  and o th e r  
p aram eters p r e se n te d  h e r e  w i l l  be u s e f u l  in  th e  in t e r p r e t a t io n  o f  ch a r g e  
c a r r i e r  g e n e r a t io n , m ig r a t io n  and r e co m b in a tio n  p r o c e s s e s .
P u r i f i c a t i o n  o f  m a te r ia ls  and p r e p a r a tio n  o f  sa m p les
3 -m eth y lp en ta n e  /3-МР; M erck/ was p u r i f i e d  by sh a k in g  w ith  s u l f u r i c  
a c i d ,  and th e n  w ashing w ith  d i lu t e  NaOH s o lu t i o n  and d i s t i l l e d  w a te r . The 
3-MP fr e e d  from  u n sa tu r a te d  hydrocarbons was d i s t i l l e d  by p a ssa g e  th ro u g h  a 
120 cm column f i l l e d  w ith  R ashig r i n g s .  The m id d le  f r a c t io n  was a n a ly z e d  by 
g a s  chrom atography.
2The c e l l s  h o ld in g  th e  m easured sam p les were ev a c u a te d  t o  4 .1 0  ® to r r
by th e  c o n v e n t io n a l  f r e e z e - th a w  pumping t e c h n iq u e . Each sam ple was vacuum
d i s t i l l e d  on to  a Na m irror by r e p e a te d  runs u n t i l  c o m p le te ly  d e h y d r a te d . The
d eh yd ra ted  sam ple was then  d i s t i l l e d  in t o  a c o ld  tra p  i n  th e  sid earm  o f  th e
c e l l ,  w h ich  was su b se q u e n tly  s e a le d  o f f .  The e l e c t r i c a l  c o n d u c t iv i t y  o f  th e
-1 7  -1  - 1sam ple in  th e  c e l l  was m easured a s  a = 10 ohm cm a t  room te m p e r a tu r e .  
M easuring equipm ent
The c o n d u c t iv i t y  c e l l  was prepared  from  q u a r tz  and where n o t  ex p o s­
ed t o  th e  l i g h t  beam from g l a s s .  A c ir c u la r  s i l v e r  n e t  /Т ъ 70%/, 24 mm in  
d ia m e te r , and a h ig h ly  p o l is h e d  A1 d is c  sp a ced  7 mm away were u sed  a s  anode 
and c a th o d e , r e s p e c t iv e l y .  The form er was surrounded by a 3 mm w id e  s i l v e r -  
p la te d  cop p er  r in g ,  w hich was grounded d u r in g  th e  m easurem en ts. The tem pera­
tu r e  was m easured by th erm o co u p les  lo c a te d  in  a 1 ,5  mm d ia m eter  g l a s s  tube  
in s e r t e d  d i r e c t l y  beh in d  th e  c a th o d e . For m easurem ent t h e  sam ple was poured  
from th e  sid earm  i n t o  th e  c e l l .
The c e l l  was p la c e d  i n t o  a d o u b le -w a lle d  c y l i n d r i c a l  co p p er  b lock
•
o f  2 cm w a l l  t h ic k n e s s  surrounded  by h e l i c a l l y  wound c o o l in g  t u b e s .  A h o le
o f  th e  same s i z e  a s  th e  anode was d r i l l e d  i n t o  th e  co p p e r  b lock  t o  p erm it
th e  i l lu m in a t io n  o f  th e  c a th o d e  by th e  l i g h t  f l a s h .  For good h e a t  t r a n s f e r
th e  s p a c e  betw een th e  c e l l  and th e  copper w a l l s  was f i l l e d  ou t w ith  copper
c h ip s .  The b lo ck  w ith  th e  m ea su r in g  c e l l  was housed i n  a 25 * 25 x 25 cm
ir o n  box w ith  a q u a r tz  window f o r  th e  ex p o su re  o f  th e  c e l l  to  th e  l i g h t
f l a s h .  C o a x ia l s h ie ld e d  c a b le s  c o n n e c te d  th e  e le c t r o d e s  t o  th e  e le c tr o m e te r
and th e  h ig h  v o l t a g e  su p p ly . Vapour c o n d e n sa tio n  in  t h e  ir o n  box was p r e v e n t-
- 2ed by e v a c u a t in g  i t  t o  10 t o r r  p r e s su r e  and in tr o d u c in g  dry p u r i f i e d  N£.
The sam p le  tem p era tu re  was c o n t r o l l e d  by v a r y in g  th e  l i q u i d  n itr o g e n  flow  
r a te  in  th e  c o o l in g  s p i r a l .
The o u tp u t  c u r r e n t  from  th e  anode was m easured w ith  a K e it h le y - ty p e  
640 e le c tr o m e te r  w ith  an in p u t  im pedance o f  10^ ohm. The e le c tr o m e te r  o u tp u t  
was o b se r v e d  on an EMG TR-4401 o s c i l l o s c o p e .
3The d o u b le -w a lle d  d is c h a r g e  tu b e  w ith  r in g  e le c t r o d e s  u sed  fo r  
producing th e  l i g h t  f la s h e s  was b u i l t  a t  ou r la b o r a to r y  / F ig .  1 / .  The q u a r tz  
en v e lo p e  o f  th e  d is c h a r g e  tu b e  was rem ovab le  to  p e r m it  th e  c le a n in g  o f  
th e  end window from  th e  d u st prod u ced  by t h e  e le c t r o d e  d is c h a r g e .  C lea n in g  
was r e q u ir e d  a f t e r  3 0 -4 0  f l a s h e s .  The d is c h a r g e  tube was c o n n e c te d  a c r o ss  a 
manometer t o  an arg o n  gas b a l lo o n  th a t  c o u ld  be pumper o u t  and r e f i l l e d  a t  
w i l l .  D u rin g  o p e r a t io n  the arg o n  p r e s su r e  o f  the f l a s h  tu b e  was k e p t a t  
120 mmHg. A con d en ser  o f  4 yF c a p a c it y  ch arged  to  1 0 ,5  kV was u sed  a s  th e  
v o lta g e  s u p p ly . Random t r ig g e r in g  o f  th e  d is c h a r g e  tu b e  was p r e v e n te d  by 
th e  s h a p in g  o f  th e  tu b e  which w as chosen  t o  be such t h a t  s e l f - d i s c h a r g e  
occured a t  5-7  kV under the a p p l ie d  p r e s s u r e .  A th y r a tr o n  was in s e r t e d  in t o  
th e  g rou n d in g  l i n e  o f  th e  f l a s h  c i r c u i t  s o  th a t  th e  co n d e n se r  c o u ld  n ot  
d isc h a r g e  a c r o ss  th e  f la s h  tu b e  u n le s s  th e  th y r a tr o n  had been t r ig g e r e d  by 
a p u lse  o f  2 ,5  y s e c  and 200 V. The o s c i l l o s c o p e  was t r ig g e r e d  s im u lta n e o u s ly  
w ith  th e  f l a s h  by a RCA 931A - t y p e  m u l t i p l i e r .
P h o to c u r r en t m easurem ent
A n e g a t iv e  v o lta g e  o f  lOOO to  3500  V was a p p l ie d  to  th e  ca th od e  
b e fo re  ex p o su r e  o f  th e  c e l l  f i l l e d  w ith  3-MP or 3-MHx t o  a l i g h t  f la s h  o f  
15 у se c  d u r a t io n . The v o lta g e  d ro p  caused  by th e  l i g h t  f la s h  on th e  m easur­
in g  r e s i s t o r  o f  th e  anode o u tp u t  a m p li f ie r  was r e g i s t e r e d  by th e  o s c i l l o s c o p e .  
The RC t im e  c o n s ta n t  o f  the m ea su r in g  c i r c u i t  was 100  y s e c  a t  an in p u t  
impedance o f  106 ohm. Depending on th e  a p p l ie d  f i e l d  and th e  sam ple tem pera­
tu re  th e  p h o to c u r r e n t  p u lse  v a r ie d  from 0 ,2  to  5 s e c .
EXPERIMANTAL RESULTS
Charge c a r r i e r  m o b il i ty  and reco m b in a tio n  c o n s t a n t ,  k ' , v a lu e s  
were o b ta in e d  from th e  cu rves o f  c u r r e n t  p u l s e  v e r su s  t im e . The form o f  
th e se  v a r ie d  w ith  t h e  f i e l d  a p p l ie d ;  th e  tw o t y p ic a l  ex trem es a r e  shown in  
F ig . 2 and 3 . The c u r r e n t  p u ls e  shape r e v e a l s  th a t  c a r r i e r s  a r e  g e n era ted
4u n ifo rm ly  w ith in  th e  c e l l  and th a t  th e  amount o f  e le c t r o n s  p h o to e je c te d  from  
th e  A l ca th od e  can  be n e g le c t e d .  No p h o to c u r r e n t  was o b serv ed  a f t e r  i n s e r t ­
in g  a f i l t e r  to  c u t  o u t  l i g h t  o f  X < 280 pm .
The c u r r e n t  p u ls e  r e s u l t s  from  th e  reco m b in a tio n  o f  e le c t r o n s  and  
h o le s  and t h e ir  m ig r a t io n  tow ards c o r re sp o n d in g  e le c t r o d e s  a t  v e l o c i t i e s  o f  
p_E and jj+E, r e s p e c t i v e l y .  Thus th e  b o u n d a r ie s  o f  th e  n e u t r a l  c e n tr a l  
reco m b in a tio n  volum e move toward ea ch  o th e r  a t  a  speed o f  /p + + y_/E  l e a v ­
in g  a h e te r o -s p a c e  ch arge  la y e r  a t  b o th  e l e c t r o d e s .  The v a r ia t io n  in  t im e  o f  
th e  volume Vr in  w hich reco m b in a tio n  ta k e s  p la c e  i s  e x p r e ss e d  [ 9 , lo ]  by
v r  -  V 11 -
where V i s  th e  c e l l  volum e and l / t s  = l / t g + l / t g .
= -1—— ------r— , where d i s  th e  e le c t r o d e  s e p a r a t io n ,
( V+ + P_)E
p o s i t i v e  and n e g a t iv e  ch a r g e  c a r r ie r  m o b i l i t i e s  and E 
e l e c t r i c  f i e l d .  The c h a rg e  c a r r ie r  d e n s i t y  in s id e  Vr 
reco m b in a tio n  i s  g iv e n  by
/ 1 /
The t im e  t g = 
p+ and p_ a r e  t h e  
i s  t h e  a p p lie d  
due t o  second o r d e r
n
n
l+ n Qk ' t 121
w here nQ i s  th e  i n i t i a l  c o n c e n tr a t io n  o f  th e  c h a r g e  c a r r i e r s  and k ' i s  
th e  reco m b in a tio n  c o n s t a n t .  The t o t a l  ch arge  c o l l e c t e d  on th e  anode c a u se d  
by th e  movement o f  n e g a t iv e  c a r r ie r s  i s  [ lo ]
c  T"
$* " o N t n , ) ]  d t  + r ’  ln  /  \
J  1+ k ' n ^ t  J  V  1+ k ' n  t  ( t  / t  )  /о о o s  4 o \ s ' s ' /
d t  +
ln
1+ k 'n  t  о s
t .  V >  v i+ k 'n „ t t s / t ;
+ d t / 3 /
5where nQ = Gf i  D/lOO , Gf i  i s  t h e  fr e e  io n  y i e l d ,  and D the d o s e  d e l iv e r ­
ed in  a p u l s e .  A n alogous e x p r e s s io n  can be w r it t e n  fo r  Q* by s u b s t i t u t in g
t + fo r  t ” in  Equ. 3 .  The c o l l e c t e d  t o t a l  c h a r g e , i . e .  th e  c h a r g e  which can  s s
be o b ta in e d  from th e  a r e a  under a  c u r r e n t  p u l s e ,  i s
Q“ + Q* =c c
Ve
fcs k '
ln  1 + k 'n  t
О s
/ 4 /
At low f i e l d s  when 1 /к 'п л = t .  << t  and t  << t  r e co m b in a tio n' о 1 / 2 s  s
dom inates and the c u r r e n t  i s
i Ve /  no 
t s  l+ k 'n Qt
/ 5 /
At h igh  f i e l d s  t g << t a n d  th e  p u ls e  shape i s  d e term in ed  by th e  
m o b i l i t i e s  o f  the c h a r g e  c a r r i e r s ,  which g i v e  t r i a n g u l a r - l ik e  c u r r e n t  vs  
tim e c u r v e s .  The t o t a l  number o f  recom bined ch arges o f  on e s ig n  i n  a g iv en  
p u lse  i s  [9]
N = j k -n 2 vr dt -  noV [1 -  ( l / t sn0 k') ln(l+k'not s)J / 6 /  
о
Charge c a r r i e r  m o b i l i t i e s  were c a lc u la t e d  from  c u r r e n t  v s  tim e  
cu rves o f  th e  type shown in  F ig .  3 u s in g  th e  form ula у = t g /dE, t h e  v a lu e  
t g b e in g  o b ta in e d  a s  th e  tim e c o r r e sp o n d in g  to  th e  k n ee  o f  th e  c u r v e s .  The 
v a r ia t io n  o f  y+ + y_  a s  a f u n c t io n  o f  tem p era tu re  i s  shown in  F i g .  4 .
An im p ortan t c o n s ta n t  g o v e r n in g  t h e  r e co m b in a tio n  o f  th e  ch arge  
c a r r ie r s  i s  k ' ,  th e  r e co m b in a tio n  c o e f f i c i e n t .  P r o v id in g  th a t  t h e  p r o b a b i l i t y  
o f  reco m b in a tio n  i s  1 / e  i f  t h e  therm al k i n e t i c  e n erg y  o f  a n e g a t iv e  charge
eq u a ls  t h a t  o f  th e  Coulom bic a t t r a c t i o n  o f  a p o s i t i v e  h o le  / i . e .  3 /2  kT =
2 2 = e / e r Q, in  o th er  w ords the r e a c t io n  r a d iu s  i s  rQ = 2 e  /З ек Т /, th e n  the
reco m b in a tio n  r a te  c o n s ta n t  i s  [9 ,1 1 ,1 2 ]
к
8ire(u+ + u_ )




Form ula / 7 /  i s  v a l i d  on ly  i f  X << r Q, w here X i s  th e  mean 
s c a t t e r i n g  f r e e  p ath  o f  th e  charge c a r r i e r s .  The v a lu e  o f  k ' /h  can be  
e v a lu a te d  from  th e  s lo p e  o f  th e  c u r v e s  o f  1 / i  v s  tim e , w h ich  are  s t r a i g h t  
l i n e s  i f  r e co m b in a tio n  d om in ates d u r in g  th e  c u r r e n t  p u ls e  l i f e t i m  . T y p ic a l  
c u r v e s  d e r iv e d  from  p h o to c u r r e n t  p u l s e s  and from  cu rves o b ta in e d  a f t e r  
in te r r u p t io n  o f  60Co gamma i r r a d ia t io n  a re  shown in  F ig . 5 . In  F ig . 6 th e  
v a r ia t io n  o f  k ' o b ta in e d  from k ' /P  v a lu e s  by s u b s t i t u t in g  th e  m easured  
p v a lu e s  can be s e e n .
I f  th e  v i s c o s i t y  v a lu e s  m easured by W illa r d  e t  a l .  [13] and i n  
t h i s  la b o r a to r y  a r e  u sed  / s e e  F ig . 7 / ,  th e  p r o d u c t  o f  m o b i l i t y  and v i s c o s i t y  
UH» rem ains c o n s ta n t  down t o  T = 170°K  but d e v i a t e s  c o n s id e r a b ly  a t  low er  
te m p e r a tu r e s .
For th e  i n t e r p r e t a t io n  o f  t h e  i n i t i a l  p h o to c u r r e n t  v s  tem p era tu re
c u r v e  / F ig . 8 /  we assumed t h a t  t h i s  e x p o n e n t ia l  tem p era tu re  d ep endence was
c o n n e c te d  w ith  an i n t r i n s i c  charge c a r r ie r - g e n e r a t io n  m echanism . I n s te a d  o f
c a l c u l a t in g  an a c t i v a t io n  en ergy  th e  m easured c u r r e n ts  w ere in t e r p r e t e d  as
2
v a r y in g  w ith  tem p era tu re  a c c o r d in g  t o  ex p (-T Q/T ^ , where TQ = 2e /З ек Х . 
C a lc u la t io n  show s th a t  a t  room tem p era tu re  r Q/X i s  a p p ro x im a te ly  7 ,4  in ­
c r e a s in g  to  2 8 ,4  a t  77°K .
I t  i s  w orth n o t in g  th a t  th e  a c t i v a t io n  e n e r g ie s  c a lc u la t e d  from  
t h e  cu rves o f  lo g o  v s  1 /T  o b ta in e d  w ith  u n ir r a d ia te d  and g am m a-irrad ia ted  
sam p les  d i f f e r  m ark ed ly . I t  appears p o s s ib le  t h a t  th e  tem p era tu re  d ep endence  
o f  dark c o n d u c tio n  o f  s a tu r a te d  h yd rocarb on s r e f l e c t s  th e  tem p era tu re  depend  
e n c e  o f  e l e c t r o d e  p r o c e s s e s ,  w h i l s t  p r o c e s s e s  ta k in g  p a r t i n  th e  b u lk  o f  the  
l i q u i d  d e term in e  th e  tem p era tu re  d ep er  ' >nce o f  о in  i r r a d ia t e d  m a t e r ia l s .
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8FIGURE CAPTIONS
F ig .  1 E x p er im en ta l arrangem ent fo r  p u l s e d - l i g h t  c o n d u c t iv i t y  m easurem ents  
A a m p l i f i e r ,  0 o s c i l l o s c o p e ,  T th e r m o s ta te , FT f la s h - t u b e ,  IG p u ls e  
g e n e r a to r ,  C c o n d e n s e r s , HVS h ig h  v o lta g e  s u p p l i e s .
F ig .  2 A t y p ic a l  p u ls e  o f  c u r r e n t  v e r s u s  tim e in  3-MP a t  low f i e l d s .
Each m ajor d i v i s i o n  on  th e  v e r t i c a l  s c a le  c o r re sp o n d s  t o  5x10 '*'0 
A and ea ch  d i v i s i o n  on th e  h o r iz o n t a l  s c a l e  t o  0 .1  s e c .  The 
e l e c t r i c  f i e l d  s t r e n g t h  was 2 kV /cm , T = 293°K  
F ig .  3 T y p ic a l c u r v e s  o f  c u r r e n t  p u ls e  v e r su s  tim e  i n  3-MP a t  h ig h  f i e l d s .
a /  The v e r t i c a l  s c a l e  i s  3x10 11 А/m ajor d i v i s i o n  and t h e  h o r iz o n ta l  
s c a l e  i s  0 ,5  s e c /m a jo r  d i v i s o n .  The e l e c t r i c  f i e l d  s tr e n g th  was 
3 kV/cm . T = 223°K .
—  12b / The v e r t i c a l  s c a l e  i s  1 ,5 x 1 0  А/m ajor d i v i s i o n ,  t h e  h o r iz o n ta l  
s c a l e  i s  2 se c /m a jo r  d i v i s i o n .  E = 4 ,6  kV /cm , T = 148°K .
F ig .  4 T em perature dependence o f  th e  m o b i l i t y  o f  c h a r g e  c a r r i e r s  g e n e r a te d  
in  3-MP by a p u ls e  o f  l i g h t .
F ig . 5 R e c ip r o c a l cu rv es  o f  c u r r e n t  v e r s u s  tim e f o r  p h o to io n iz e d  and ^°Co 
gamma ir r a d ia t e d  3-MP. 1 - y - i r r . , T = 295°K , E = 1 6 ,2  kV/cm .
2 - Y - i r r , ,  T = 295°K , E = 4 , 45  kV /cm , 3 -p h o to n , T = 295°K , E =
= 1 , 6  kV /cm , 4 -p h oton  i ,  T = 263°K , E = 1 ,6  kV/cm.
F ig . 6 Tem perature dependence o f  k ' i n  3-MP. l - у  i r r a d i a t i o n ,  2 -p h oto  
e x c i t a t i o n
F ig . 7 T em perature dependence o f  v i s c o s i t y  / p o i s e s /  fo r  3-MP; 
a /  t h i s  w ork,
Ь/ A.C. L in g  and J . E .  W illa rd  [ l3 ]
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